Shrews (genus Sorex, small insectivorous mammals) are well known for their extremely high basal metabolic rates (BMRs) even when corrected for their small body size. We measured energy expenditure of the common shrew (Sorex araneus) under natural conditions (field metabolic rate [FMR]) by doubly labeled water method to test whether FMR is proportional to high BMR in this species. The study was performed in summer in northeastern Poland. In addition to the FMR, we also measured maximum metabolic rates induced by cold exposure and by intense activity (MMR COLD and MMR RUN , respectively) to evaluate the aerobic reserve ( ) in S. araneus. This MMR Ϫ FMR aerobic reserve was used as an indicator of the potential for metabolic constraints. The FMR averaged L CO 2 2.31 ‫ע‬ 0.32 d Ϫ1 (‫ע‬SD) or kJ d Ϫ1 in 8.2-g animals. This figure 58.1 ‫ע‬ 8.0 constituted 216%-258% of a value predicted for a "standard" mammal of the same body mass and was the highest massspecific field metabolic rate in mammals. Because of the high BMR level in S. araneus, the FMR to BMR ratio (2.4) was not far off mammalian standards (median value of 3.1). 
.1 ‫ע‬ 8.0 constituted 216%-258% of a value predicted for a "standard" mammal of the same body mass and was the highest massspecific field metabolic rate in mammals. Because of the high BMR level in S. araneus, the FMR to BMR ratio (2.4) was not far off mammalian standards (median value of 3.1). ) exceeded all figures reported to date in other mammals and was apparently linked to the high FMR level and relatively high water content of shrews' food. Maximal metabolic rates (MMR RUN of mL O 2 g Ϫ1 h Ϫ1 and 18.1 ‫ע‬ 1.6 MMR COLD of mL O 2 g Ϫ1 h Ϫ1 ) were not high in pro-23.5 ‫ע‬ 1.9 portion to BMR or FMR that resulted in relatively narrow aerobic reserve in S. araneus: 20% when calculated against the MMR RUN and 39% when compared with the MMR COLD . Our study reveals that S. araneus has high energy costs of living and operates close to its physiological limits.
Introduction
In the last decades, students of animal ecological energetics have collected a large body of data on basal metabolic rates (BMRs) of birds and mammals (measured in the thermoneutral zone in quiescent postabsorptive animals not engaged in reproduction or growth). A recent paper by Lovegrove (2000) compiled the data for the BMR of 487 nondomesticated mammalian species from the literature, a number disproportionately larger than in measurements of any other metabolic parameters. Many authors have advocated the view that basal rates are especially useful for comparative studies not only because they are relatively easily measured, but also because they appear to be correlated with average energy expenditures under natural conditions (field metabolic rates [FMRs] ) and with maximum metabolism rates (MMR; McNab 2002) . Indeed, FMR and BMR corrected for body mass are significantly correlated in mammals. This correlation persists after phylogeny is taken into account in the analysis. In birds there is also a significant correlation, but that correlation disappears when phylogeny is taken into account in the analysis (Daan et al. 1990 (Daan et al. , 1991 Koteja 1991; Ricklefs et al. 1996; Speakman 2000) . In the field vole Microtus agrestis, the only mammal in which the intraspecific association between variation of FMR and BMR was studied, such a correlation was not found in one study (Meerlo et al. 1997) but was reported in a larger and more diversified sample of individuals measured by other authors (Speakman et al. 2003) . A significant correlation between MMR and BMR was found in comparative studies on rodents (Bozinovic 1992; Hinds and Rice-Warner 1992) . The exact nature of the link between BMR and FMR or MMR is not yet completely resolved. However, a common hypothesis is that animals that have high levels of energy expenditures should have some morphological and physiological adaptations (e.g., large intestine mass and mitochondrial volume) that support high rates of energy gaining and processing, but which are in turn associated with increased energy demands at rest and in thermoneutrality (Else and Hulbert 1985; Karasov and Diamond 1985) . Recent research indicates that environmental factors also may be responsible for the association (Speakman et al. 2003) .
The main aim of this study is to test whether high BMR reported in soricine shrews (genus Sorex; Genoud 1988; Taylor 1998) reflects their high levels of energy expenditure under natural conditions. Soricine shrews are among the smallest mammals. They are active predators of invertebrates and are well known for their extremely high BMR values, even when corrected for small body mass. The average BMR measured in six Sorex species varied between 261% and 366% of the values expected for a "typical" mammal of the same body mass, as calculated from the allometric equation (see Taylor 1998 for a review). At the same time almost nothing is known about the metabolic rates of shrews in the field. The daily energy budget of Sorex coronatus, estimated from laboratory measurements of metabolic rates extrapolated to the field conditions (Genoud 1985) as well as average daily metabolic rates measured at various temperatures in Sorex shrews confined in large metabolic chambers with nests and running wheels (Gębczyń ski 1965 (Gębczyń ski , 1971 , suggests that FMR in Sorex may be distinctly higher than in other similar-sized mammals. Large amounts of food consumed by captive shrews (Pernetta 1976; Churchfield 1982; Shvarts et al. 1997 ) may lead to the same conclusion. To test whether high BMR is associated with a high level of FMR in soricine shrews, we measured metabolic rates in the common shrew, Sorex araneus Linnaeus 1758, under natural conditions by means of the doubly labeled water technique. Sparti (1992) failed to find a correlation between maximum cold-induced metabolic rates (MMR COLD ) and BMR in 12 captive shrew species when body mass and phylogeny were controlled in the analysis. Interestingly, MMR COLD in three Sorex species used in Sparti's study were not distinctly higher than those expected for mammals of their body masses. Relatively low MMRs and assumed relatively high FMR should result in a narrow energy reserve or safety margin ( ) that MMR Ϫ FMR can be used in periods of unpredictably high energy expenditure. If this aerobic reserve is small, the animal has little capacity for accommodating any necessary increase in metabolic activity. Assessment of this energy reserve was the second aim of our study. Therefore, apart from FMR, we measured two levels of MMRs in freshly captured S. araneus: in shrews exposed to cold and during intense activity. The latter has not been measured in shrews yet.
Measuring FMR and aerobic reserve in Sorex is of special interest because a combination of high ratio of surface to volume (due to their small size), high metabolic rates, rigid homeothermy (no torpor), and active mode of life may be crucial in terms of limits to the evolution of small body size. It has been suggested that shrews approach a critical mass for maintaining endothermy at low ambient temperatures (McNab 1983 ). Summarizing, we tested whether FMR but not MMR in S. araneus, a small shrew species, reflects its extremely high BMR, which in turn would result in a narrow safety margin ( ), an indicator of the potential for metabolic MMR Ϫ FMR constraints.
Material and Methods

Study Sites
The study was conducted in July 2000 and July 2001. The animals were captured at two localities in northeastern Poland: the Narewka River valley, Białowieża Forest (52Њ42ЈN, 23Њ49ЈE), in 2000, and in the Biebrza River valley near Gugny village (53Њ20ЈN, 22Њ38ЈE) in 2001. Hereafter, we call these sites Białowieża and Biebrza, respectively. The Białowieża study area was covered with a tussock-sedge swamp (Caricetum appropinquatae community) with single black alders (Alnus glutinosa) and patches of herbaceous plants (Lythrum salicaria, Scirpus sp., Filipendula ulmaria, and others). This study area was limited by an alder forest on one side and by a road on the opposite side, and its detailed description is presented in Rychlik (2000; squares 1-120 in his Fig. 1 ). Biebrza experimental area was located in the black alder forest (Ribo nigri Alnetum community) with single birch and spruce trees. Red and black currants, sedges (mainly Carex acutiformis), and ferns dominated in shrub and herb layers.
Mean daily temperatures recorded 1 cm above ground level during the study period were C and C 14.4Њ ‫ע‬ 5.7Њ
15.6Њ ‫ע‬ 2.4Њ in Białowieża and Biebrza study areas, respectively. Mean daily maximum and minimum temperatures of 23.5ЊC and 7.4ЊC were recorded in Białowieża; in Biebrza these temperatures were 18.9ЊC and 13.0ЊC, respectively.
Trapping and Maintaining Animals
Shrews were trapped using metal-cone pitfalls (13.5 cm in diameter, 40 cm deep) provided with moss as insulation and mealworm larvae as food for trapped animals. Each study plot included 120 pitfalls distributed in a grid at 5-m spacing. Traps were open only at night from 1900 to 0500 hours and checked every 45 min throughout this period. The majority of captured animals were used for measurements of metabolic rates under natural conditions. Other individuals, trapped on the study plot or, with additional pitfall traps, on the adjacent areas in the same habitat, were used in laboratory measurements of BMRs and MMRs. In both years, approximately half of these animals were trapped immediately before measurements of FMR, and half just after. Animals to be used in the laboratory study were transported to Białystok, and the measurements of metabolic rates started on the next day after capture. In Białystok, shrews were held for 3-4 d in large glass terraria filled with sawdust, moss, and leaves at ambient temperature of 18ЊC and natural photoperiod. They were fed a special meat mixture consisting of homogenized ox liver, ox heart, and chicken breast, supplemented with minerals, vitamins, and live crickets. Shrews were released at the study sites after experiments.
All field and laboratory measurements were performed on immature animals, a stage that encompasses a major part of the independent life of Sorex shrews. Sorex, as a rule, live their first summer at about 70% of adult body mass; there is a decrease of mass in winter; in spring, shrews mature and grow to adult size, and finally reproduce; they die before the second winter (Pucek 1970) .
Field Metabolic Rate
FMRs of Sorex araneus were measured by means of the doubly labeled water (DLW) method. This method typically entails the trapping of the study animal, the subsequent administration of the DLW mixture, the taking of an "initial" blood sample after equilibration, the release of the animal, and the retrapping procedure to obtain a "final" blood sample (Lifson and McClintock 1966; Nagy 1980; Nagy and Costa 1980; Speakman 1997) . However, we used a single-sample variant of the DLW method in which the animal is injected with labeled water and immediately released without obtaining an initial blood sample to minimize the handling effect on the subsequent behavioral and energetic performance. The animal is bled on recapture only, and initial isotope levels are determined from a separate control group of injected animals (Nagy et al. 1984; Ricklefs et al. 1986; Webster and Weathers 1989; Williams and Dwinnel 1990 ). This method is especially suitable for measurements in shrews because it avoids two problems on the first capture: confining injected animals for 1 h before the initial blood sample is taken may cause shrews to behave abnormally once they are released (shrews are prone to stress), and the necessary volume of blood samples would inevitably represent an unacceptably large fraction of the total body water (TBW) in these very small mammals. This method was proved to have high accuracy in small animals (Webster and Weathers 1989) . Validation of the singlesample variant performed on eight S. araneus showed that CO 2 production determined by means of Haldane's gravimetric method was by 7.7% higher than measured in the same individuals using the DLW method (J. R. E. Taylor, D. Ochociń -ska, and G. H. Visser, unpublished data) .
Each trapped shrew was weighed to the nearest 0.01 g on a portable Ohaus balance, marked with an individual pattern of 1-3 small (ca. 4 mm) spots on fur made by clipping the very tips of guard hairs, and then injected intraperitoneally with 80 mL of DLW (Białowieża) or 120 mL DLW (Biebrza). The DLW mixture included 59.3% of 18 O and 36.8% of 2 H. Injected animals were released immediately at the exact site of capture. After recapturing about 1 d later, the animals were weighed and blood samples were taken from the heart by filling heparinized tubes immediatedly after killing. The tubes were flame sealed and stored at 8ЊC for further analysis. Animals were dissected and their stomach content was weighted and subtracted from body mass. The carcasses were air-dried to constant mass at 70ЊC to determine TBW contents. Injected shrews recaptured within the appropriate time window constituted 15% and 16% of all individuals injected in Białowieża and Biebrza, respectively.
Blood samples from seven other animals in each population injected with the corresponding dose of the DLW were taken 1 h after treatment to determine the initial levels of 2 H and 18 O. During this time the isotopes equilibrate with body water (Speakman 1997) . These animals were killed for blood collection, and subsequently the amount of body water was assessed based on a carcass drying procedure. Then initial 2 H and 18 O levels in the other free-ranging shrews were derived from relationships between initial isotopic concentrations and TBW mass in these animals for two localities separately. The corresponding regressions were highly significant ( , 2 r 1 0.92 P ! ). Moreover, from three uninjected shrews in each pop-0.001 ulation, blood samples were taken to determine the average background levels for both isotopes. The rate of CO 2 production was calculated according to equation (7.17) from Speakman (1997) , which takes into account the fractionation effects of heavy isotopes and assumes that 25% of the water flux rate is lost through evaporative pathways. Water efflux rates were calculated from Speakman's (1997) equation (7.6). The time period used in these calculations was the total period from injection to bleeding minus the 1-h equilibration period of animals used to estimate the initial isotope levels (Ricklefs et al. 1986 ). To convert the rate of CO 2 production to energy expenditure, we assumed the respiratory quotient of 0.80 in shrews (Gębczyń ski 1965) and, consequently, an energetic equivalent of 25.2 kJ L Ϫ1 CO 2 . Although our measurements of FMR in S. araneus lasted 20 h on average (with 1 h of equilibration subtracted), they are a good representation of the whole-day metabolic rate for the following reasons. First, there is no distinct daily rhythm of activity in this species (Merritt and Vessey 2000) ; the ratio of the metabolic rate at night to that in the daytime was 1.14 in S. araneus as measured in large metabolic chambers with nests and running wheels in summer (Gębczyń ski 1965) . Second, we injected shrews at various times of the night. Finally, the FMR did not correlate with the duration of the measurements (see "Results").
Measurements of Oxygen Consumption
For BMRs and MMRs we measured oxygen consumption in shrews in a positive-pressure open-flow respirometry system. A metabolic chamber with an animal inside, placed in the temperature-controlled water bath or climatic chamber, received dry outside air from the upstream thermal mass-flow controller (b-ERG, Warsaw). Before reaching the metabolic chamber, the air stream was forced through a copper coil (length of 2 m) submerged in a water bath to equalize temperatures. Depending on the type of measurement, we interchangeably used different temperatures and various metabolic chambers and air flow rates (see below).
Excurrent air from the chamber was subsampled, redried (Drierite), scrubbed of CO 2 (Carbosorb AS, BDH Laboratory Supplies, Poole, England), and finally directed to the sensor of the two-channel oxygen analyzer (S-3A/II N 37 M, Ametek, Pittsburgh, PA). A computer with Advantech A/D interface recorded the differential output of the O 2 analyzer (ambient air) each 100 ms, averaged readings over 3-s air Ϫ excurrent intervals, and saved to the disc. We calculated metabolic rates using equation (4) of Hill (1972) and corrected instantaneous values of MMRs for the chamber washout time by applying a Z transformation (Bartholomew et al. 1981, Eq. [1] ). The rates of oxygen consumption were converted to energy expenditure assuming an energy equivalence of 20.1 kJ L Ϫ1 O 2 . Animals were weighed to the nearest 0.01 g (Ohaus, Port-O-Gram, Florham Park, NJ) before and after each measurement, and mean body mass was used for the calculation of mass-specific oxygen consumption.
Basal Metabolic Rate
The BMR was determined as the minimum oxygen consumption using an open-flow respirometry system described above. The BMR was measured using the metabolic chamber (300 mL volume) at 28ЊC, a temperature within the thermoneutral zone of this species (J. R. E. Taylor and D. Ochociń ska, unpublished data) . A small amount of hay was placed in the metabolic chamber for animal comfort, and the behavior of shrews was observed through the Plexiglas cover of the chamber. The animals were not fasted before measurements, but no food was available during the trials. Since each measurement lasted about 2.5 h and the actual record of oxygen consumption on calm animals usually took place in the last 0.5 h, animals were deprived of food for about 2 h. The air flow through the chamber was maintained at a rate of 300 mL min Ϫ1 , and the measurements were carried out between 0830 and 1700 hours. The lowest stable oxygen consumption maintained over at least a 4-min period of inactivity was taken as the BMR.
Maximum Metabolic Rate during Running
For measurement of MMR during running (MMR RUN ), the shrew was placed in the running wheel (12 cm in diameter, 3.8 cm wide) enclosed in a circular Plexiglas metabolic chamber (13.3 cm in diameter, 500 mL volume). The wheel was driven by an electric motor with a speed revolution regulator. All measurements were made at 20ЊC. To secure adequate mixing of the air in the chamber, the air flow was set at 850 mL min Ϫ1 . A measurement started after a 10-min adaptation period; then the revolution speed was increased every third minute by 20 rpm until the MMR was achieved. Shrews ran vigorously, and we did not motivate them with any aversive stimuli. Each trial lasted about 20 min, and the MMR RUN was defined as the highest oxygen consumption averaged over 2 min. The measurements were performed between 1600 and 2000 hours.
Maximum Metabolic Rate in the Cold
The MMR COLD was measured in the same respirometry system by using a gas mixture of 79% helium and 21% oxygen (Helox). Since helium conducts heat four times faster than nitrogen, heat loss from an animal in Helox is considerably higher than in air, and MMR can be elicited at relatively high temperatures (Rosenmann and Morrison 1974) , limiting by this way the possibility of cold injury to tissues. Animals were placed in the 300-mL metabolic chamber, the same as in BMR measurements, but provided with food and housed within a climate cabinet, allowing temperatures to be regulated to ‫1ע‬ЊC. The first measurement on each individual was done at 15ЊC, then the temperature was lowered by a 5ЊC step for each successive experiment. The shifts to lower temperatures lasted less than 0.5 h. Each measurement at a given temperature lasted 1 h, unless the oxygen consumption started to decline, in which case the measurement was stopped and the animal quickly removed from the chamber. Body temperature was measured to the nearest 0.1ЊC immediately after the removal with a thermocouple probe (BAT-12, Physitemp, Clifton, NJ) inserted 1.5 cm into the rectum. All shrews were hypothermic after the trials, which indicated that they had achieved their maximal metabolic rates. MMR COLD was defined as the highest rate of oxygen consumption that could be sustained for 1 h.
Statistics
Differences in metabolic rates (FMR, BMR, MMR RUN , MMR COLD ) between two localities were tested statistically by one-way ANCOVA, with locality as a main factor and body mass as a covariate. Interaction terms in all performed ANCOVAs were not significant ( ), and therefore they P 1 0.05 were not included in the reported models. Metabolic rates and body masses were log transformed before performing the ANCOVA tests. Statistical significance was tested as .
The mean values were reported with one standard deviation (‫ע‬SD). 
Results
Field Metabolic Rates
Measurements of the FMR were made on 14 individuals, seven individuals from each locality (Table A1) Table 1 ). Although our definition 18.1 ‫ע‬ 1.6 of MMR COLD was somewhat arbitrary (1 h of stable metabolic rate), the MMR maintained over a 5-min period in our cold exposure experiments was higher only by 3.5%.
The mean values of BMR, FMR, MMR RUN , and MMR COLD corrected for differences in body masses by means of ANCOVA and converted to energy units equaled 15.1, 36.5, 45.8, and 59.4 J min Ϫ1 , respectively (Fig. 1) . The FMR was, therefore, 2.4 times higher than BMR, and the "aerobic reserve" (MMR Ϫ ) averaged 39% when calculated against the MMR COLD and FMR 20% when compared with the MMR RUN .
Discussion
Field Metabolic Rate
Previous estimates of daily energy expenditures in shrews under natural conditions were mainly based on laboratory data or a and rodents from the temperate zone (solid circles) against body mass. The line describes the relationship for rodents (field metabolic rates measured from spring to autumn, pregnant and lactating females excluded; listed according to increasing body masses): Clethrionomys rutilus (Holleman et al. 1982) , Peromyscus maniculatus (Hayes 1989) , Apodemus silvaticus (Corp et al. 1999) , Peromyscus leucopus (Randolph 1980a; Munger and Karasov 1989) , Microtus agrestis (Meerlo et al. 1997) , Microtus pennsylvanicus (Berteaux et al. 1996) , Arvicola terrestris (Grenot et al. 1984) , Tamias striatus (Randolph 1980a). combination of measurements made in the laboratory and in the field (Gębczyń ska and Gębczyń ski 1965; Gębczyń ski 1965 Gębczyń ski , 1971 Randolph 1980b; Genoud 1985) . Our measurements of FMR in Sorex araneus exceeded by 49% the measurements performed in the same species in the laboratory at 20ЊC in a large metabolic chamber including a nest and activity wheel (Gębczyń ski 1965) . Presumably the difference resulted from lower activity of animals in the chamber and lower temperatures in our study areas. Speakman (2000) cited unpublished FMR measured in S. araneus by Poppitt (1988) , average body mass of 9 g, four adult males and five immatures, free-living animals and confined in outdoor enclosures). This mean value exceeds FMR and MMR RUN measured in our study by 64% and 33%, respectively, and is approximately equal to MMR COLD in our shrews (when corrected for small differences in body masses). On the other hand, FMR measured in two females of S. araneus during the first half of gestation by means of the DLW in the outside enclosures (71 kJ d Ϫ1 , ca. 10 g; Poppitt et al. 1993 ) is almost the same as in our animals when the difference in body mass is accounted for.
The FMR of S. araneus in this study (58.1 kJ d Ϫ1 ) is very high when compared with other mammals. It is equal to 258% of the value predicted for "an average" mammal of the same body mass (8.2 g) (Nagy et al. 1999) or 159% of the FMR predicted for a rodent from the northern temperate zone (Fig.  2) . The latter percentage should be taken with care, as the value for an 8.2-g rodent was extrapolated from the range of larger body masses. Nevertheless, the FMR (kJ d Ϫ1 ) of S. araneus is approximately the same as or larger than in twofold heavier Clethrionomys rutilus and Peromyscus maniculatus (Fig. 2) . The FMR in S. araneus is not only the largest outlier from the regression lines relating FMR to body mass in mammals but also represents the highest mammalian mass-specific FMR (Nagy et al. 1999; Speakman 2000) .
Which components of the shrew's energy budget make their FMR so high when compared with other small mammals? According to the so-called partitioned pathways model, the FMR is a sum of the BMR and metabolic costs of activity including thermoregulation and other costs. In other words, these two sources of energy demand are products of different metabolic pathways, and the BMR remains unchanged in the active state (Ricklefs et al. 1996) . According to the "shared pathways" model, the process of BMR is speeded up when an animal performs activity, and BMR has no meaning in the active animal (Ricklefs et al. 1996) . If the first model is close to reality, BMR is an important (38%) portion of the FMR in S. araneus.
Locomotor activity is presumably also an important component of the FMR in S. araneus. Observation of S. araneus marked with radioactive tags revealed that the animals were active on average 59% of the day and traveled a distance of 1.7 km (Karulin et al. 1974; Khlyap et al. 1977) . Finding more than 500 prey items per day as estimated for S. araneus by Churchfield (1993) , predominantly active invertebrates, may be expensive in terms of energy expenditure. Additional costs in our shrews might be associated with establishing and maintaining territories. Young born early in the year, in the first litters, establish their territories soon after leaving the nest; shrews from later litters have to search for unoccupied space and move to suboptimal habitats (Croin Michielsen 1966; Ivanter et al. 1994) . It is likely, therefore, that our recaptured shrews were resident individuals involved in agonistic behavior of territory defense and were interacting with individuals from the second litters, already numerous in July (Gliwicz and Jancewicz 2001) .
Devoting a large fraction of the day to searching for food may expose shrews to unfavorable temperatures and considerable costs of thermoregulation. The average air temperature 1 cm above ground level in Białowieża and Biebrza was 15ЊC. The basal metabolic rate of S. araneus at that temperature (as measured by Nagel [1985] ) equals 165% of the BMR determined in the present study, or 68% of the FMR. At 7ЊC, the average daily minimum in Białowieża, these figures rise to 221% and 84%, respectively. In both study areas a thick litter layer typical of forest habitats, which may provide mild microclimate to shrews, is missing. The large wetness of both habitats, especially in Białowieża, may further enhance heat loss. The huddling in a nest, an effective strategy of limiting heat loss observed in a variety of small mammal species (Canals et al. 1997 (Canals et al. , 1998 Taylor 1998 ) is not available to S. araneus due to its aggressive and solitary behavior. Moreover, Sorex shrews (with the presumable exception of S. ornatus) have never been observed in torpor (Gębczyń ski 1977; Genoud 1985; Taylor 1998 ), another energy-saving mechanism common among various small mammals when faced with unfavorable food or temperature conditions (Vogel and Genoud 1981; Genoud 1985; Heldmaier and Ruf 1992) .
Very high FMR in S. araneus as compared with other mammals is not very high when compared with its BMR. Our measurements confirmed a high level of BMR in this species, 252% or 285% of the value expected from allometric equations (Table  1) . Consequently, the ratio of FMR to BMR equal to 2.6 in our shrews is close to mammalian standards. The distribution of the ratios in mammals is positively skewed with a median value of 3.1 (Speakman 2000) . At the same time no correlation was found between the FMR : BMR ratio and body mass in mammals (Speakman 2000) .
Water Turnover Rate
The rate of water turnover of S. araneus (20.2 mL H 2 O d Ϫ1 or 2.46 mL H 2 O g Ϫ1 body mass d Ϫ1 ) was 11 times higher than a value predicted for a similar-sized eutherian mammal from Nagy and Peterson's (1988) allometric equation and appeared to be the highest recorded in free-living small mammals. Such a high water turnover rate was apparently linked to a high FMR, resulting in a large rate of food intake, and to high water content of shrews' diet of invertebrates. The mean water content of the presumed prey of S. araneus in our study sites was about 71% (Cummins and Wuycheck 1967; Churchfield 1982 (Corp et al. 1999 ). In Sminthopsis crassicaudata, a small (15 g) insectivorous marsupial, the rate was as high as 1.49 in austral summer (Morton 1980) . A clear relationship between water flux rate and water content in food was recently shown in a bird, the red knot (Calidris canutus). The highest water content resulted in the water flux of 5.4 mL g Ϫ1 d Ϫ1 in this species (Visser et al. 2000) . Besides food, a significant part of the water efflux in S. araneus had to originate also from ingested liquid water. In the laboratory feeding trial, S. araneus kept at an air temperature of 10ЊC consumed 11.6 g of water in food and additionally drank 6.2 g water d Ϫ1 (D. Ochociń ska, unpublished data). This, together with 1.2 g of metabolic water (calculated from chemical composition of food), summed up to 19.0 g daily or 2.2 g H 2 O g Ϫ1 d
Ϫ1
, a value close to the water efflux measured in our free-ranging shrews. The experience in keeping shrews in captivity shows that S. araneus die within a few days of being deprived of water (when relying on water from food only; Pernetta 1976) . Some amount of water might be also ingested by our shrews with wet prey or from their coats when grooming, considering the large wetness of both study areas and heavy rainfall during our work in Biebrza. What may also be responsible for high water turnover is the considerable loss of water by evaporation typical of shrews necessary for thermoregulation even at moderate environmental temperatures and resulting from their elevated BMR and intense activity (Deavers and Hudson 1981) .
High water requirements in shrews correspond well to the fact that shrews are more numerous and have a higher diversity of species in the habitats characterized by high moisture levels (Wrigley et al. 1979) . Moreover, within a habitat, the litter moisture is actually one of the best predictors of shrew abundance (Brannon 2000) . It may also be speculated that low availability of water combined with high temperatures may be a factor determining the southern border of geographic range in Sorex shrews.
Maximal Metabolic Rates and the Aerobic Reserve
The MMR COLD in our summer-acclimatized shrews (151% of the value predicted for their body mass from Weiner's [1989] equation; Table 1 ) was comparable to that in the winter-acclimatized sister species, Sorex coronatus kept at 20ЊC (139% of the value expected from the same equation; Sparti 1992). Surprisingly, MMR COLD was higher than MMR RUN in S. araneus ( Fig. 1; Table 1 ), the reverse situation to that observed in most other summer-acclimatized mammals (Hinds and Rice-Warner 1992; Hinds et al. 1993) . Presumably low temperatures pose a challenge to shrews due to their small body size.
The difference between maximal energy expenditure (the upper physiological limit of aerobic metabolism) and FMR (the average cost of life) may be considered as an energy reserve. This "aerobic reserve" or "safety margin" may be used during periods of unexpectedly high energy demands in a varying environment. If this aerobic reserve is small, an animal has little capacity for increase in metabolic rates, and this in turn may reduce their fitness. Our results support the hypothesis that S. araneus has a relatively narrow aerobic reserve that results from relatively high FMR and low MMR. Unfortunately, we are aware of only one study (Hayes 1989 ) that reports measurements of FMR and MMR from the same species taken at the same locality and time. The aerobic reserve in the deer mouse Peromyscus maniculatus at low altitude (as in our shrews) constituted 64% of the MMR COLD in contrast to 39% in S. araneus (Fig. 3) . At higher altitudes, however, the FMR of P. maniculatus was closer to maximum cold-induced metabolic rates than in low-elevation populations, and the aerobic reserve was 43% (Hayes 1989) .
A very important issue for a small mammal at low temperature is whether or not exercise heat can substitute for thermoregulatory heat production. Substitution can largely eliminate thermoregulatory costs in an active animal and diminish or eliminate potential consequences of a narrow aerobic reserve. Indeed, there is some substitution of exercise heat at low temperatures in summer-acclimatized S. araneus (J. R. E. Taylor, unpublished data). Nevertheless, at ambient temperatures below 10ЊC, activity adds a constant energy expenditure of 44%, or 75% of the resting metabolic rate at 10ЊC, in animals running at a moderate velocity of 0.2 m s Ϫ1 or at the maximum velocity, respectively (J. R. E. Taylor, unpublished data). Consequently, running at the maximum speed at 2ЊC produces energy expenditure close to our MMR COLD . It is not known whether MMR during combined cold and exercise in S. araneus can be higher than MMR COLD measured in this study (that would make aerobic reserve wider), but it has been shown that conditions of combined cold and exercise do not elicit higher MMR in the deer mice (Chappell and Hammond 2004) .
The reported FMR used in the estimation of aerobic reserve is a whole-day average. Sorex araneus shows ultradian rhythm of daily activity with about 12 foraging bouts per day that are associated with its high energy expenditure (Merritt and Vessey 2000) . Nevertheless, activity and metabolic rate in S. araneus are slightly higher at night than in the daytime (Gębczyń ski 1965) . It means that the aerobic reserve at night may be even less than the calculated 39% of the MMR COLD . In contrast, P. maniculatus is clearly nocturnal, but this pattern of activity disappears when increased energy demand due to low ambient temperatures forces animals to prolong their foraging time (P. Koteja in Weiner 2000) .
What may be the consequence for S. araneus of operating close to its aerobic limits? The plausible suggestion is that the narrow reserve reflects the stable nature of shrews' microhabitats regarding food supply or microclimate. It is likely, however, that some periods of unusually high metabolic requirements may bring about costs in terms of fitness. This may be the case, especially when competing for territories and aggressively interacting with other shrews at the stage of the highest population density in the late summer and autumn. Sorex araneus suffers high mortality or undergoes considerable emigration during the first 2 mo after leaving the nest, approximately 50% of shrew population being reduced in this way (Churchfield 1980 (Churchfield , 1984 . It should also be noted that in shrews predation is presumably a less important source of mortality than in rodents (Gliwicz and Taylor 2002) , which enhances the relative importance of other mortality factors.
Summarizing, S. araneus has extremely high BMR, very high FMR, and only moderately high MMR as compared with mammalian "standards" expected for body mass in this species. The two latter levels of metabolic rates result consequently in relatively narrow aerobic reserve. Our study reveals that S. araneus operates close to its physiological limits imposed by the MMR. Our findings also recommend further research on the morphological and physiological adaptations that enable shrews to subsist with the highest mass-specific FMRs and water turnover rates found among mammals.
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